We present a portable optical spectrometer for fugitive emissions monitoring of methane (CH 4 ). The sensor operation is based on tunable diode laser absorption spectroscopy (TDLAS), using a 5 cm open path design, and targets the 2ν 3 R(4) CH 4 transition at 6057.1 cm -1 (1651 nm) to avoid cross-talk with common interfering atmospheric constituents. Sensitivity analysis indicates a normalized precision of 2.0 ppmv·Hz -1/2 , corresponding to a noise-equivalent absorbance (NEA) of 4.4×10 -6 Hz -1/2 and minimum detectible absorption (MDA) coefficient of α min = 8.8×10 -7 cm -1 ·Hz -1/2 . Our TDLAS sensor is deployed at the Methane Emissions Technology Evaluation Center (METEC) at Colorado State University (CSU) for initial demonstration of single-sensor based source localization and quantification of CH 4 fugitive emissions. The TDLAS sensor is concurrently deployed with a customized chemi-resistive metal-oxide (MOX) sensor for accuracy benchmarking, demonstrating good visual correlation of the concentration time-series. Initial angle-ofarrival (AOA) results will be shown, and development towards source magnitude estimation will be described.
INTRODUCTION
In recent years, natural gas (NG) has seen tremendous growth due to its potential as a clean fuel alternative to conventional sources 1 . Methane (CH 4 ) gas is of particular interest, as the largest constituent of NG, which on a molar basis provides higher energy density (50 MJ/kg) than alternative fossil fuel sources 2 , while simultaneously yielding a cleaner combustion process 3 than oil or coal and producing no alternate primary pollutants (e.g. NOx or SOx).
The principal challenge in widespread adoption of NG as a clean fuel is in the leakage during the extraction and production process 4 . Given the significant global warming potential of CH 4 (> 25 × of CO 2 ), the benefits of NG become less obvious under conditions where CH 4 leakage is significant. In particular, studies in literature have shown that anywhere between 1.7 % to 6.0 % of CH 4 from conventional NG extraction is lost into the atmosphere 1 , which puts the environmental benefits of NG in question. For example, well-to-wheels leakage (i.e. source extraction and production to delivery as a vehicular fuel) is required to be under 1.6 % for immediate climatic benefits 4 . In the absence of improved and cost-effective technologies for fugitive CH 4 emissions monitoring, the bounds on CH 4 emissions are difficult to quantify with confidence.
It is the goal of this paper to present an optical spectrometer which has been designed for detection specificity to CH 4 , whilst maintaining sufficient sensitivity to detect reasonable NG leaks (~100 SCFH) on oil and gas well pads. Our sensor is capable of leak angle-of-arrival (AOA) determination through correlation of CH 4 measurements with concurrently acquired wind velocity data. Furthermore, we benchmark our optical sensor against a conventional chemi-resistive metal-oxide (MOX) sensor, demonstrating accuracy performance on par, while providing the benefit of CH 4 detection specificity. We demonstrate initial results of outdoor field testing at the Methane Emissions Technology Evaluation Center (METEC) at Colorado State University (CSU) 5 , from which a collection of flow release experiments has been conducted. Finally, we discuss progress to source quantification based on a single optical sensor. Figure 1 shows the design of our optical sensor, which operates based on line-scanned tunable-diode laser absorption spectroscopy (TDLAS). A polycarbonate enclosure is used to house the photodetectors and free-space optical path (5 cm length), along with an ~ 18 vol. % CH 4 reference cell for measurement calibration. The sensor induces ambient gas flow using the photodetector fan coolers, which draw air into the sensing chamber and through the open path cell. The TDLAS sensor is mounted on a tripod, along with a sun-shield to avoid thermal instability from direct irradiance during longer field deployments (Figure 1(b) ). A particle filter has been placed at the inlet and outlet to prevent dust and sand particles from entering the sensing chamber during the outdoor deployment. In conjunction with the TDLAS sensing box, a control unit is simultaneously deployed, which contains the laser and ADC/DAC acquisition card. The laser center wavelength of 1651 nm targets the 2ν 3 R(4) transition of CH 4 which has been selected to avoid common interfering species (e.g. water, CO 2 , and other volatile organic compounds) 6, 7 . The laser is fiber coupled from the control unit into the TDLAS box through a FC/APC fiber coupler and is split to the reference and open-path cells prior to measurement on the two separate photodetectors. In our measurements, the line scan rate is set to 500 Hz to avoid low-frequency noise, and still provides sufficient wavelength resolution given the 500 kHz sampling rate available on our acquisition card (NI-USB6361).
OPTICAL SENSOR DESIGN AND CONSTRUCTION

Design of our field-deployable TDLAS sensor
TDLAS sensor chamber response time
A variety of filters have been tested for the purpose of protecting our TDLAS sensor from contamination by dust and sand particulates during the field deployment. The introduction of the air filter necessarily modifies the response time to ambient methane changes; i.e., a very fine filter impedes the air flow and effectively introduces an averaging time of the signal due to the increased gas residence time within the chamber. demonstrating an average decay time of 3.7 s, which is relatively independent of peak concentration and defines the temporal resolution of ambient CH 4 concentrations that our sensor may resolve. Based on results of outdoor testing at the METEC facility, we find that characteristic peak widths are on the order of ~20 s, which indicate that our chamber response time sufficiently resolves ambient concentration variations in practical measurement scenarios.
In the case where fine-grained particulate filters have been used (Figure 2(b) ), the presence of a long decay tail (36.4 s, as calculated using an exponential fit to the peak tail) indicates that gas exchange occurs on a rate insufficient for practical peak detection and have therefore been removed prior to our field deployment measurements. During the field deployment itself, we have utilized coarse particle filters (shown in Figure 1(b) ) which do not impede the gas flow and yield a response time similar to the case where no filters are used (Figure 1(a) ), while offering sufficient protection against sand and dust particulates. Figure 2 . (a) TDLAS chamber gas response time in the absence of particulate filters. The response time is measured for three impulse sizes: 1.3%, 3.5% and 6.5% CH 4 . All cases demonstrate similar settling time (3.7 s average), which is sufficient to resolve characteristic peak widths measured at the METEC facility. (b) Chamber response time using fine particulate filters. In this case an exponential fit to the peak decay tail yields a settling time of 36.4 s, which is significantly greater than the characteristic ~20 s peak widths of outdoor measurements and cannot therefore be practically used for practical leak measurements in the field.
Sensitivity analysis of the portable TDLAS sensor
Based on a 500 Hz laser ramp rate, the line scans (2 ms) within the span of each 1 s interval are averaged prior to spectral analysis using parameters provided in the High-Resolution Transmission molecular absorption database (HITRAN) 8 . The averaged 1 s spectra are regression-fitted to a Voigt-profile 9 for concentration retrieval, using the CH 4 reference cell for wavelength calibration. Due to the time required for data pre-processing and analysis (~1 s), the total time for acquisition and analysis of a single concentration data point is 2 s, which is of sufficient frequency given the ~3.7 s chamber settling time and characteristic CH 4 peak width of ~20 s.
Long-term stability analysis of our 5 cm open-path TDLAS sensor is performed under ambient conditions, where 6.7 hours of spectra (at 2 s time resolution) are acquired, followed by spectral fitting for concentration retrieval. Allandeviation analysis 10 indicates a short-term (2 s) sensitivity of 1. 11 . Our sensor stability time is ~20 s, at which a minimum detection limit (MDL) of 1.1 ppmv is attained, after which spectral baseline (e.g. Fabry-Perot etalon) drifts dominate the accuracy of our sensor 10 . In particular, the initial hour upon sensor startup suffers the worst drift, which is an indicator of the sensor startup time required to reach a consistent measurement steady-state. Over the span of the 6.7 hours of measurement, the sensor maintains sub-10 ppmv sensitivity, which has been calculated as the threshold required for fugitive emissions monitoring applications in realistic leak scenarios. Finally, we note that despite the good NEA and MDA values, the limited sensitivity (2.0 ppmv in 1 s) is due to the short path length (5 cm), in addition to the weaker overtone 2ν 3 band that is utilized here, and over two orders of magnitude can be gained by transitioning to the mid-infrared fundamental band 11 . Figure 3 . Sensitivity analysis of our portable TDLAS sensor, as measured over 24000 s (6.7 hours). A short term (2 s) sensitivity of 1.4 ppmv is achieved, with an MDL of 1.1 ppmv at 20 s integration time. For the entire duration up to ~10 4 s averaging time, the TDLAS sensor maintains sub-10 ppmv sensitivity, which is sufficient for full-day measurements during the field deployment without any necessary calibration. The inset shows the retrieved concentration time-series, demonstrating that the initial ~1 hour of measurements suffer the greatest instability, after which the sensor reaches a more consistent steady state concentration.
SENSOR DEPLOYMENT AT THE METEC FACILITY
Acquisition of CH 4 , temperature, and wind data
The METEC facility provides a total of three well pads, with various equipment from which leaks may occur, such as well-heads, gas-processing units, and condensate tanks. Predefined leak points were selected for testing (at known flow rates) in order to demonstrate the feasibility of our TDLAS sensor as a leak monitoring device.
In conjunction with our TDLAS system, a customized chemi-resistive VOC sensor (based on a hot metal-oxide design) unit was concurrently deployed nearby as an accuracy benchmark to our TDLAS sensor measurement. Within the customized VOC sensor housing, a thermistor was utilized to measure the local temperature, and a nearby anemometer (Young 81000) was placed to provide real-time wind-velocity data.
An example of an emission experiment is shown in Figure 4(a) , where the TDLAS and VOC sensor are placed nearby each other for measurement comparison during experiments on a well-pad. Figure 4(b) shows an example of the data acquired during an experiment, where excellent correspondence is observed between the TDLAS and VOC sensor. In the present case, baseline erosion was implemented on both the TDLAS and VOC sensor data remove drift artefacts prior to analysis (angle-of-arrival calculations in Section 3.2), and details will be presented in an upcoming publication.
In cases where gas mixtures are employed, we expect our optical sensor to yield more accurate results given the molecular specificity to CH 4 , whereas the chemi-resistive sensor has a non-zero response to all ambient VOCs and cannot be used as an accurate discriminator of the gas constituents in the leak measurement. Example of data measured during a leak experiment. The purples and red curves (corresponding to the TDLAS and VOC sensors respectively) demonstrate good agreement. The wind-velocity data was measured using a nearby anemometer.
Angle-of-arrival determination of CH 4 leaks
Given the limitation of a single-sensor measurement, only a leak angle-of-arrival (AOA) may be ascertained using the CH 4 concentration and wind data. Figure 5 shows such an example, whereby a leak from an East GPU on a well pad undergoes a leak at 125 SCFH. Over the period of a 1 hour measurement, the TDLAS sensor concentration reading is correlated with respect to the anemometer wind angle data (using 20 s averaging times), yielding a weighted average AOA of 83º±13º, consistent with the known leak angle (90º). It is notable that an identical calculation using the paired VOC sensor yields 85º±17º, which is in excellent agreement with that obtained by the TDLAS sensor.
In the present case however, the leak AOA intersects two pieces of equipment from which leaks may arise (both the east and west GPUs), and based on our single-sensor configuration it is not possible to distinguish between the two leak points. In this case, a potential solution is to place the TDLAS sensor such that each AOA intersects with a unique possible leak point, or alternatively a second sensor may be used to determine the leak source as an AOA intersection point resulting from the two measurements. The bottom time-series shows the measured concentration from the TDLAS sensor, which demonstrates typical peak heights up to ~100 ppmv for 125 SCFH leak rates. In the current case, it is not possible to distinguish whether a leak arises from the east or west GPU.
Source estimation methodologies
Typical computational methods for the source inversion problem (i.e. calculating the flow rate given the downwind concentration measurement) are challenging and numerically intensive 12 . To tackle the problem, we have developed two heuristic methods which demonstrate promise for quantifying source emissions. First, a Gaussian plume model is heuristically parametrized, which relies on the reconstruction of an ideal downwind peak height given a long-term measurement from a single TDLAS sensor. Based on our parametrization model, we have been able to perform source inversions at up to 50% accuracy, even with a single-sensor measurement. Second, a machine-learning approach has been adopted, which involves providing geometrical and physical features (source distance, wind speed, CH 4 concentration, etc.) into a model which is trained through our TDLAS optical sensor data. Initial tests demonstrate a target accuracy over 80%, which is substantially improved from the Gaussian plume model. Both models will be discussed in detail at the meeting, and in an upcoming publication.
CONCLUDING REMARKS
A portable CH 4 spectrometer has been developed and field deployed at the METEC CSU test facility. The TDLAS sensor provides a normalized sensitivity of 2.0 ppmv·Hz -1/2 and provides sub-10 ppmv detection limits for > 10 4 integration times. Initial leak angle-of-arrival AOA has been successfully demonstrated, with results in agreement with conventional VOC sensors concurrently deployed on-site. Initial source estimation techniques based on a single-sensor have been developed, and results will be presented in the meeting.
Currently, a second generation TDLAS sensor is being developed on a silicon photonic chip 7, 13, 14 , to provide size, weight, and power reduction as compared to conventional free-space optical sensors. The integrated sensor will provide source, detector, and sensing elements on a scalable platform, which we envision as an enabling technology for the deployment of wide-area sensor networks. Initial demonstrations have demonstrated feasibility of this technology, which will be demonstrated at the next METEC field deployment in the near future.
